Objective-Leaflet prolapse resulting from acute chordal rupture is one presentation of fibroelastic deficiency that is associated with minimal leaflet changes in the prolapsing segment. Minimizing resection and preserving leaflet tissue may be an optimal surgical strategy. We examined the importance of the leaflet preservation concept by comparing resective and nonresective surgical procedures in practice today.
Conclusions-Although the three repair procedures are hemodynamically comparable, valve function and leaflet kinematics were significantly better after a nonresection or limited resective correction of leaflet prolapse in this experimental model of acute chordal rupture with otherwise normal leaflet geometry.
Surgical strategies addressing mitral regurgitation resulting from chordal rupture often involve partial leaflet resection with or without annular plication and annuloplasty. In the chronic setting, leaflet distension and myxoid changes may occur in the prolapsing segment and various resective techniques have been described with excellent results. 1 However, in patients with leaflet prolapse resulting from acute chordal rupture, distension of leaflets is minimal early in the course of mitral valve regurgitation, 2, 3 and leaflet resection may not be as effective a strategy. Under such acute conditions, resective techniques may limit residual leaflet mobility and the leaflet surface available for opposing leaflet coaptation. We used an in vitro model of acute chordal rupture to compare mitral valve function and hemodynamics after valve repair with common repair techniques including neochordoplasty (no resection), triangular resection, and quadrangular resection with annular plication.
RESEARCH DESIGN AND METHODS

Specimen Selection
Porcine hearts were obtained from a local abattoir and transported to the laboratory in ice cold phosphate-buffered saline solution. Eight hearts (n = 8) with mitral valves of identical sizes (size 30 annuloplasty ring sizers; Edwards LifeSciences, Irvine, Calif) were identified for use in this study. Valves of the same annular size, anterior and posterior leaflet areas, and heights were selected for this study. Mitral valves with intact annular and subvalvular structures (including the papillary muscles) were extracted from these hearts and stored in cold saline for later use. A 1-cm section of atrial tissue above the mitral annulus was left uncut, and this tissue was used to suture the valve onto a silicone annulus to mount into the left heart simulator.
In Vitro Left Heart Simulator
The in vitro experimental left heart simulator used in this study is a wellestablished setup that was reported previously. 4, 5 In brief, the simulator (Figure 1, A) is a computercontrolled, pressure-driven, compressible bladder system that can generate the physiologic pulsatile flow and pressure flow conditions of the left heart. The simulator has a left atrium, a left ventricle, and a mitral annular plate sandwiched between them. The mitral annulus plate has a D-shaped ring made of silicone that is rigid and is covered in a water-proofing polyester (Darlexx; Darlington Fabrics Corp, Shawnut Mills, Mass). The mitral annulus was sutured onto the silicone ring with 3-0 silk sutures in a mattress fashion and the papillary muscles were mounted onto two adjustable-geared fixtures in the left ventricular chamber. After the valve was mounted, the simulator was filled with 0.9%saline solution (vol/vol) and run at adult hemodynamic conditions of 120-mm Hg peak transmitral pressure and 5-L/min cardiac output at 70 beats/min ( Figure 1, B and C) . The left ventricular, left atrial, and transmitral pressure curves were monitored and recorded with a differential pressure transducer (DP9-40; Validyne Engineering, Northridge, Calif), and the flow data were monitored with an electromagnetic flow probe (600; Braemar Inc, King, NC). The acquisition, signal conditioning, and analysis were performed with DAQCard 1200 (National Instruments, Austin, Tex) and a custom data processing program (DAQ-ANAL 2.0).
Experimental Protocol
Each mitral valve was studied under the experimental conditions in the order listed herein:
1. Control/baseline-The annulus was maintained at its normal size, and the papillary muscles were fixed in their normal positions, ie, with the papillary muscle tips perpendicular to the mitral annular plane and in the plane passing through leaflet coaptation, such that the commissural chordae from the same papillary muscle are parallel to each other. The valve was studied under adult hemodynamic conditions of 120-mm Hg peak transmitral pressure and 5-L/min cardiac output at 70 beats/min. The regurgitant volume and stroke volume were volumetrically measured, and leaflet coaptation length and indices that elucidate leaflet mobility were recorded with 2-dimensional echocardiograph (Figure 2 , A).
2.
Posterior leaflet prolapse-After acquisition of the baseline data, the two marginal chordae on the free edge of the posterior leaflet were transected, which resulted in severe segmental prolapse of the P2 cusp. The simulator was again run under the identical hemodynamic conditions described previously, and the hemodynamic and echocardiographic measurements were obtained. P2 prolapse was validated by reconstructing the 3-dimensional geometry of the mitral valve from the echocardiographic images and superimposed with only the reverse color Doppler data, showing the regurgitation jet as shown in Figure 2 , B. The regurgitation and stroke volumes were also quantified with the flow probe.
3. Neochordoplasty-In this procedure, the transected marginal chordae tendineae were replaced with loops of 5-0 expanded polytetrafluoroethylene sutures (ePTFE; Gore-Tex, W. L. Gore & Associates, Inc, Flagstaff, Ariz), 6 as shown in Figure 3 , A. The ventricular chamber was filled with saline to close the mitral valve, lengths of the neochordae were adjusted, and the neochordae were tied onto a Teflon pledget on the tip of the papillary muscle. The valve was then tested under pulsatile hemodynamic flow conditions as listed in the previous sections, and relevant hemodynamic and echocardiographic end points were measured.
Limited triangular resection-
After acquisition of the data in step 3, the neochordae were removed and a triangular resection was performed on the free edge of the P2 scallop (Figure 3, B) . The total height of the posterior leaflet from the free edge to the annulus was measured, and a triangular segment that had a height of one third (total leaflet height) and a base width equal to the length between the two ruptured marginal chordae was resected as reported in an earlier study by Gazoni and associates. 7 The posterior leaflet was reconstructed by carefully approximating the free edges of the triangular resection with interrupted 3-0 silk sutures (Ethicon Inc, Somerville, NJ), such that minimal tension was induced on the residual leaflet segments. After reconstruction of the leaflet, the valve was again tested under the pulsatile hemodynamic conditions that were previously used.
Quadrangular resection with annular compression-Quadrangular resection
was performed on the same valve by resecting a rectangular section of the P2 segment and compressing the annulus at this region, 8 as shown in Figure 3 , C. The dimensions of the resected segment were chosen such that the breadth of the rectangle equaled the distance between the two ruptured marginal chordae and the length extended from the free edge to the mitral annulus. The section of the annulus in the resected region was then plicated and approximated with 3 or 4 compression sutures. The free edges after resection were carefully approximated with interrupted knots with 3-0 silk sutures in a similar fashion to that used in the triangular resection group. The valve was then tested under pulsatile hemodynamic conditions.
Measurement Techniques and Data Acquisition Regurgitation volume
Regurgitant volume through the valve was calculated from the recorded transmitral flow curve. The flow curve was averaged over 15 cardiac cycles and the area under the negative part of the flow curve was integrated to obtain the net regurgitation volume.
Echocardiographic measurements
Three-dimensional echocardiographic measurements were obtained with a 3-dimensional matrixarray ultrasound sector transducer (X7 Matrix Probe; iE33 System, Philips Medical Systems, Andover, Mass) at 18 MHz. The transducer was adjusted to provide optimal imaging with the highest possible frame rate at a sampling depth of 12 cm. An apical longaxis view cutting across both the leaflets anteroposteriorly at the midpoint of the major axis of the annulus was used for the measurements. Echocardiographic and color Doppler images were obtained to assess the forward and the leakage flow through the cleft and the coaptation regions. Peak systolic leaflet coaptation length, posterior leaflet angle, 9 and distance of the coaptation plane from the posterior annulus were measured.
Statistical Analysis
All data are reported as mean ± 1 standard deviation. The data were tested for normality by an Anderson-Darling test (MINITAB 15 software). Different experimental condition groups were compared with paired t tests.
RESULTS
Mitral Regurgitation Volumes
All the valves had good competence under control/baseline conditions with trivial regurgitation. Transecting the two posterior marginal chordae resulted in segmental P2 scallop prolapse causing severe mitral regurgitation (19.31 ± 4.3 mL/beat). The three repairs significantly reduced the regurgitation from the prolapse condition, to 2.8 ± 1.2 mL/beat (P = .007) with neochordoplasty, 2.5 ± 1.0 mL/beat (P = .008) with limited triangular resection, and 4.3 ± 1.5 mL/beat (P = .007) with quadrangular resection and annular compression (Figure 4, A) .
Leaflet Coaptation Length
Leaflet coaptation length was used as a measure of valve competence that was quantified under all the experimental conditions by 2-dimensional echocardiography. Under control conditions, an average coaptation length of 11.4 ± 1.4 mm was measured, whereas under prolapse conditions there was no coaptation along the A2-P2. Neochordoplasty was the only repair that restored coaptation length to the control/ baseline levels (11.8 ± 1.7 mm; P = .2), whereas both limited triangular resection and quadrangular resection decreased the coaptation length significantly to 9.4 ± 1.4 mm (P = .01) and 7.2 ± 0.8 mm (P = .0001), respectively (Figure 4, B) .
Postrepair Leaflet Mobility and Kinematics
Posterior leaflet mobility after each surgical repair was assessed by simple echocardiographic measurements: (1) perpendicular distances from the leaflet coaptation zone to the posterior (Δ p ) and anterior (Δ a ) annuli in the septal-lateral plane, (2) peak systolic excursion angles of the posterior (α) and anterior (β) leaflets, and (3) depth of leaflet coaptation from the mitral annular plane ( Figure 5 and Table 1 ). The distance of the coaptation zone from the anterior and posterior annuli were nearly equal in the control case (Δ p = 14.2 ± 1.9mm, Δ a = 20.8±1.9mm), showing that the leaflet coaptation was centrally positioned from the anterior and posterior annuli in normal valves. A similar coaptation geometry was observed after neochordoplasty (Δ p = 15.4 ± 1.2 mm; P = .09; Δ a = 20±2.1 mm; P=.35) as in the control group. However, both limited triangular resection (Δ p = 13.1 ± 1.4 mm; P = .03; Δ a = 22.2 ± 2.6 mm; P = .04) and quadrangular resection (Δ p = 10.2 ± 2.0 mm; P = .006; Δ a = 23.9 ± 2.5 mm; P = .01) restricted posterior leaflet mobility, resulting in displacement of the coaptation zone posteriorly. Additionally, we quantified the peak systolic leaflet angles made by the posterior and anterior leaflets with the mitral annulus as a measure of systolic leaflet mobility. The posterior leaflet angles in the neochordoplasty group (α = 34.2° ± 3.6°; P = .77) and limited triangular resection (α = 37.4° ± 3.3°; P = .25) were comparable with the angles in the control (α = 33.5° ± 6.6°) but significantly higher in the quadrangular resection group (α = 51.2° ± 10.8°; P = .01), as shown in Figure 5 and Table 1 . The anterior leaflet angles were consistent among the four conditions, indicating that the anterior leaflet has a threshold beyond which it cannot move to coapt with the posterior leaflet owing to the limited extension of the anterior chordae tendineae.
DISCUSSION
In this study, we report a model that simulates the clinical setting of leaflet prolapse resulting from acute chordal rupture, as seen in some cases of endocarditis or fibroelastic deficiency. Two-dimensional and 3-dimensional echocardiographic images obtained from our in vitro model clearly illustrate the segmental P2 prolapse and the anteriorly directed eccentric regurgitation jet (Figure 2, A and B) after experimental chordal rupture.
Following current trends in mitral valve repair, 10 three commonly used repair procedures for mitral valve prolapse were selected for this study. Quadrangular resection with annular compression is a standard repair procedure that is associated with good long-term durability 11 in a monocusp valve. Carpentier and associates 8 proposed quadrangular resection to correct leaflet prolapse in patients primarily with ruptured chordae and excess tissue, wherein removal of the excessive leaflet tissue is useful to reconstruct a normal leaflet segment. Over the years, this technique has evolved into standard practice for correcting posterior leaflet prolapse irrespective of the valve disease, and our study puts additional emphasis on the importance of selecting the appropriate subset of patients with prolapse and distended tissue in whom to use this procedure. Carpentier (as reported by Fornes and associates 3 ) was the first to recognize that fibroelastic deficient valves may have minimal leaflet distention with acute chordal rupture. Our study shows that in these acutely prolapsing valves, quadrangular resection significantly reduces the posterior leaflet height, thus decreasing the systolic leaflet coaptation length. Mobility of the reconstructed posterior leaflet is often limited owing to rearrangement of the anatomic positions of the chordae tendineae after resection, with the secondary chordae from the P1 and P3 scallops moving toward the center of the posterior leaflet. Such nonphysiologic valve closure could potentially affect long-term repair durability, and our in vitro observations support this potential issue if quadrangular resection is adopted indiscriminately.
Limited triangular resection of the prolapsing posterior leaflet with conservative tissue resection has been reported as a good alternative procedure that significantly reduces the size of the resection and further eliminates the need for annular plication or compression. 7, 12 Our findings in nondistended leaflets also suggest improved valve function, in terms of leaflet coaptation and mobility, compared with quadrangular resection. Although the outcomes of triangular resection were better than those with quadrangular resection, a 2-mm reduction in coaptation length and a 2-to 3-mm posterior displacement of the leaflet coaptation was measured in comparison with the control group. Whether these minor differences between triangular resection and controls are clinically significant is not apparent on the basis of our study.
Several groups are now reporting nonresective strategies to preserve leaflet tissue and restore good leaflet coaptation and mobility. 6, 13, 14 This study confirms that replacing the ruptured chordae with artificial ePTFE sutures would restore physiologic function of the valve without disturbing the native leaflet structure. Replacing the ruptured chordae with a single ePTFE loop not only eliminated regurgitation as efficiently as the standard resection procedures but also restored leaflet coaptation length to physiologic levels, with excellent mobility of the posterior leaflet.
Neochordoplasty, as performed in this study, seemed to have a benefit over leaflet resection in acute leaflet prolapse without leaflet distention. In this study, two pairs of neochordae equally distributed between the two papillary muscles were used. From each pair of chordae from the same papillary muscle head, one pair supported the free edge of the prolapsing segment and the other supported the segment 1 cm laterally away from the free edge. Such a chordal distribution was effective in our studies, but it remains unclear whether there is an "optimal" positioning of neochordae, other than to avoid crossing native chordae. We did not use resection with correction of leaflet prolapse by chordal transfer. This represents another alternative surgical strategy that may be beneficial in the setting of minimal leaflet distention.
Limitations
Any clinical implications of this model must be stated circumspectly. First, this study is an acute case of leaflet prolapse resulting from isolated chordal rupture without any annular or leaflet pathologic change(s). Clearly, we used mitral valves with normal function and tissue properties, which did not take into account any pre-existing patient diseases (eg, bacterial endocarditis) that may affect the choice of mitral valve repair. In the chronic state, myxoid changes in the leaflet tissue and leaflet distention are typically observed and resection procedures have been successfully used in repairing such valves. In this study, the neochordal length was determined with the valve closed, but ideally such an exact measurement is impossible in the clinical setting owing to ventricular motion and movement of the papillary muscles caused by contraction. One other limitation is the use of the same valve preparation for all experimental groups, which dictated the order of repair procedures.
In summary, this study emphasizes the importance of leaflet preservation [15] [16] [17] in repairing leaflet prolapse in otherwise normal leaflet segments. It suggests that either nonresective resuspension of the leaflet margin or limited triangular resection is preferable to quadrangular resection. 
